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Abstract 
Increasing competitive pressure within industries producing long-living, cost intensive products drive the need to optimize product life cycles 
in terms of faster time to market, sustainable operation, reengineering and recycling.  In this context, complexity of IT systems is growing and 
has to connect different life cycle phases. Especially new concepts of Product Service Systems (PSS) lead to a connection between product 
design, maintenance, repair and overhaul (MRO). There are still many challenges concerning interface problems between different IT-Systems. 
They are caused by different data formats, continuous demand for information or integration of new technologies. Thus, Life Cycle 
Engineering (LCE) has gained an important role and needs to consider integration of new industry 4.0 solutions like cloud services, big data or 
cyber physical systems. This paper gives an overview about these challenges, future development and new research approaches. A deeper view 
is taken at one promising approach in the field of maintenance of Printed Circuit Boards (PCB). This approach is about invention and 
implementation of a new process that combines both electrical and optical measuring techniques to automate circuit and layout plan 
reconstruction of long-living and cost intensive electronic boards.  
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1. Introduction: What is Life Cycle Engineering? 
For a successful business with long-living and cost-
intensive products, reduction of time to market alone is not 
sufficient. A rising complexity of product design and 
functionality leads to increasing customer demand for more 
support through maintenance, repair & overhaul (MRO)-
services by the original manufacturer. This leads to a closer 
customer relationship and brings together product 
development and operational phase, not only from an 
engineering point of view, but also from a holistic 
perspective: economical and sociological aspects have to be 
taken also into account since globalization has a major impact 
on resource availability and living conditions [1].  
Life Cycle Engineering considers all these aspects with the 
aim of value creation through the entire product life cycle 
beginning from design and resource planning, ecological 
production, unrestricted operational availability and complete 
recycle- or reusability. A life cycle engineer has to design a 
life cycle with process perspective on the basis of a cost 
model comprising all cycle phases. Methodical, technical and 
collaborational aspects should be included. Rather than just to 
provide service for a product on the market or in the field 
companies nowadays need to start considerations and 
developing Industrial Product Service Systems (IPS²) in 
combination with new business models. 
When talking about new services the term “Through-life 
Engineering Services” plays an important role. It means those 
technical services that are necessary to guarantee the required 
and predictable performance of complex engineering systems 
throughout their expected operational life with the optimum 
whole life cost [2]. In this context Maintenance, Repair and 
Overhaul (MRO) processes and related reengineering tasks 
can be classified as a major cost factors. 
© 2014 Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/l censes/by-nc-nd/3.0/).
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The main focus of Life Cycle Engineering (LCE) is the 
integration of prospective activities such as advanced 
engineering, sustainable product development or PSS 
(Product Service Systems) and retrospective activities as well 
as lessons learned knowledge such as MRO re-engineering 
and through life engineering services (fig. 1). This bridges 
between formerly challenges and nowadays opportunities. 
From the fact arise new markets and business cases like 
obsolescence management where new entrants can benefit in 
the market of long living products from the past like railway 
or aerospace transportation and infrastructure with new 
solutions. 
In order to support this process a set of interface 
technologies is required. Without such technologies even 
trivial tasks such as supplements of old constructions fail 
because of the non-compatibility of data formats. To 
overcome the variety of such problems, scientists are working 
on life cycle modelling strategies [3]. Standardized data 
structures like STEP, XML, UML form the data containers, 
which in turn are integrated into PLM systems in order to 
manage the “Big Data” [3]. 
Initially this paper gives a general overview about 
engineering activities and technologies in product life cycles 
and then focusses on the special issue of maintaining 
electronic components. A new solution approach is depicted 
showing an process with advanced technology use for 
overcoming issues of circuit plan and layout plan 
reconstruction for long-living and cost intensive electronic 
boards. 
2. Engineering Activities in Product Life Cycle 
In this chapter an analysis from prospective and 
retrospective point of view takes place. 
2.1. Prospective activities 
Prospective activities have an impact on multiple LCE 
phases and trigger innovations in sustainability, Product 
Service Systems, LCE-based design and advanced 
engineering. 
2.1.1. Sustainability 
One of the major characteristics of the LCE approach is its 
close affiliation to the principles of sustainability, as they 
were defined by the Brundlandt commission in 1987 [4]. The 
LCE approach incorporates two dimensions of the triple 
bottom line of sustainability (environmental, economic and 
social perspective). According to Wanyama et al. Life Cycle 
Engineering is: “a decision-making methodology that 
considers performance, environmental and cost requirements 
for the duration of a product” [5]. Furthermore, it is widely 
acknowledged by scholars that thinking in lifecycles provides 
the basis for a holistic product analysis leading to 
comprehensive frameworks and design methods like Life 
Cycle Assessment (LCA) [6, 7]. In order to “foresee” the 
diverse and complex interrelations between design parameters 
and sustainability implications LCE research needs to find 
ways for enhancing decision support in the design process. 
Since the degree of freedom for design decisions declines in 
the course of product development it is necessary to integrate 
sustainability considerations into the early phases of 
design [8].  
One of the main problems of integrating sustainability 
considerations into design decisions is the profound 
information and data supply which is required for decision-
making. Development engineers need information on what 
effect design parameters have on the environmental, 
economic, and if considered social, dimension and where to 
access respective data. The material selection process, for 
example, relies not only on technical data such as stress limits 
but also on environmental data such as emitted greenhouse 
gases by the mining process and by preprocessing. The 
material selection further determines eligible production 
processes which have an impact on costs, social aspects such 
as working conditions and environmental factors such as 
energy use and greenhouse gas emission. The design of a 
product in conjunction with the selected material also has an 
impact on its maintainability by providing accessibility and 
either detachable or nondetachable joinings. All information 
fragments have to be considered conjointly to achieve a 
sustainable solution. A transparent information supply is 
required to allow for a feasible trade- off decision. 
Data required for the decision- making processes, such as 
the material selection, is often distributed in many 
heterogeneous sources such as Product Data Management 
Systems, databases with sustainability related data such as 
EcoInvent [9], digital factory tools and field databases. For 
providing added value for development engineers distributed 
information and existing tools for sustainable product 
development need to be integrated into the engineer’s 
workspace [10]. Furthermore, the structuring and 
visualization of knowledge and data by approaches like 
ontologies or expert systems will be a key factor for enabling 
integrated life cycle engineering [11]. 
2.1.2. Product-Service Systems 
Product-Service Systems (PSS) represent a new 
understanding of solutions combined of products and services. 
This allows new long lasting business relationships which can 
fulfill varying customer needs. PSS provide the opportunity 
for novel business models, which are far more complex than 
just selling and buying of products [12]. Depending on 
customer needs, a product might be provided to the customer 
side but still be owned by the provider. Furthermore, the 
responsibilities and risks of the usage of the product can be 
distributed between the business partners, so that the customer 
can concentrate on his core competences. 
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The long lasting business relationship and shared 
responsibilities, enabled by PSS, requires knowledge about 
the condition of the provided products and services even after 
the delivery, thus for the whole life cycle. This requires the 
monitoring of condition not only of the products but also the 
provided services. The knowledge of the condition of the 
solution in its life cycle makes it possible to adjust the 
solution to the varying customer needs as well as to provide 
optimizations to improve the performance of the solution. 
Therefore, a PSS needs to be planned and designed with a 
deeper understanding of its performance in its life cycle. The 
change of a business relationship requires the change of 
mindset not only of the customer but also of the provider. The 
PSS provider would need new engineering processes enabling 
the development of a profitable and desired PSS. 
Furthermore, new development methodologies, instruments 
and competences are needed to provide the means to 
implement the provision of PSS operationally. Eventually 
changes in the organizational structure of the company will be 
necessary to cope with the new challenges. In academia 
different strategies and methodologies for the development of 
PSS [13–16] have been designed and evaluated. 
Advancements in industry towards a solution provider are 
hardly noticeable [17].  
Current fields of research aim to enable an integrated 
development of PSS regarding PSS project planning [18] as 
well as PSS prototyping [19]. (Automation of processes) as 
well as collecting and analyzing life cycle data of both 
products and services is one of the next challenges in 
providing PSS, thus enabling more benefits of PSS. 
 
 
2.1.3. LCE-based design 
Today’s design processes are LCE-based which means to 
take all above mentioned influence factors for life cycle 
engineering into account. Engineers need to overview all 
requirements of value creation in all cycle phases. 
Consequently they have a significant need for data delivery 
from the different life cycle phases. 
An important task of the early design stage is planning of 
whole life cycle process which means to integrate all stages 
into one consistent business concept. About 70% of product 
costs are set in the design stage [20]. Thus, life cycle 
engineering means either to avoid design changes or to invent 
modular products that can be easily updated. New integrated 
PSS solutions will be able to close the digital loop and enable 
unlimited information and data exchange. In this content 
prediction or better simulation of potential product 
modification during the use stage (e.g. repair or spare part 
replacement) will be necessary to improve calculation of 
MRO costs. 
Besides reduction in life cycle costs one of the biggest 
growing demands is related to individualization of products 
which means to implement flexible ways of mass production. 
New data exchange methods and intelligent autonomous 
services for system interaction and control are promising to 
meet these demands. German government comprised such 
future technologies in the term “industry 4.0” [21]. As a part 
of industry 4.0 cloud based services could be the link between 
all life cycle stages. Availability of information and services 
can support flexibility of production facilities due to platform 
independency, cloud service upgradeability and linking of 
distributed systems. Products will become intelligent cyber 
fig. 1. Key activities in Life Cycle Engineering (LCE) 
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physical systems by RFIDs or integrated chipsets and 
communicate with cloud-based management services [22]. 
Big data solutions will enable collection and interpretation of 
all product related data which is created during life cycle [23]. 
Thus, tracing of product changes through MRO could deliver 
knowledge that can directly be used to assist design engineers. 
Vice versa product data from design stage could be used to 
support inspection workflows in the MRO stage. In this 
context Augmented and Virtual Reality are powerful tools to 
visualize product changes compared to CAD design. 
As products, processes and services are increasingly 
merged together, the German National Academy of Science 
and Engineering facilitates research in this field of so called 
smart services and according IT-platforms. This concept 
builds on Industry 4.0 and puts it in a wider context of the 
whole product life cycle. Smart products are a result of 
Industry 4.0’s intelligent factories and are combined to smart 
services for customers by adding physical and digital 
solutions. The key requirement in terms of technology 
infrastructure is the upgrading of the broadband network in 
order to enable networking of products, services and 
people [24]. 
Objectives for future engineering will be to ensure product 
creation capabilities in the context of a legal framework for 
retention of companies’ intellectual property and to control all 
product and manufacturing engineering actions such as 
defining, working (thinking, modeling, calculating etc.), 
steering and assessing, building (such as virtual & physical 
prototypes), ordering (resources such as material and 
personnel), testing, approving, releasing and signing-off. 
Furthermore engineering activity will be characterized by 
value mix driven trade-off mechanisms allowing new systems 
engineering perspectives. System architecture models and 
associated domain specific digital models will be coherently 
offered to engineers. 
2.2. Retrospective activities 
Retrospective activities have an impact on previous LCE 
phases and trigger innovations in MRO processes, 
reengineering and through-life engineering services. The first 
two are described in the following. 
2.2.1. MRO processes 
Maintenance, Repair and Overhaul (MRO) processes have 
a major impact on life cycle costs and thus play an important 
role in life cycle engineering [25]. The aim of MRO is to keep 
machines and facilities running without loss of efficiency. In 
case of outdated or obsolete machines a decision for 
replacement or modernization has to be made at the right 
point of time [26]. 
Retrospectively and today, MRO operations deteriorate if it 
is performed by machine owners or third party companies 
which have little knowledge about machine configuration and 
functionality. Due to confidentiality reasons they are often not 
provided with technical product documentation and face the 
task to determine product condition in order to develop a 
maintenance plan. Repair processes are in general unique 
processes, because of vast failure cases. E.g. a crack in a 
turbine blade has a certain depth, length and shape. Whereas 
little cracks can be repaired bigger ones require exchange by a 
spare turbine blade which is either in stock, must be ordered 
or remanufactured. This process includes a lot of manual 
work with measurement technologies, diagnosis and decision 
making. New inspection technologies are needed to digitally 
capture, interpret and unambiguously describe product 
condition to enable decision making. 
In many cases IT systems in the MRO sector like ERP 
(Enterprise Resource Planning), PDM (Product Data 
Management), DMS (Document Management System) and 
CMMS (Computerized Maintenance Management System) 
are neither integrated horizontally with customers, suppliers 
and OEMs nor integrated vertically with MES (Manufacturing 
Execution System), SCADA (Supervisory Control and Data 
Acquisition) or PLC (Programmable Logic Controller). In 
addition there is a lack of information and data exchange 
between design and MRO phase within the life cycle. This 
makes traceability of product configuration changes during 
life time a difficult task and has to be considered in a holistic 
configuration management approach [27].  
These difficulties hinder MRO process automation and 
induce huge costs for machine downtimes. New IT concepts 
and PSS solutions are needed to close the digital life cycle 
chain. The innovation field MRO Planning and Digital 
Support of Fraunhofer’s Innovationcluster MRO addresses 
these issues and aims for improvement through digital MRO 
support by innovative information and communication 
technologies as well as 3D data generation and visualization. 
Focus lies on digital assistance and functional validation, 
adaptive MRO scheduling, information and configuration 
management, collaboration tools, virtual training and 
augmented reality [28]. 
2.2.2. Reengineering 
Reengineering means to revise or to rework something and 
plays an important role in both product development and 
overhaul processes. In product development engineers aim to 
overtop product design and functionality of competing 
companies. Therefore, competing products are being 
continuously analyzed in order to improve own products 
through reengineering. Main reasons for overhaul processes 
are either deficits in machine efficiency or obsolete 
components. This affects mechanics, electronics and even 
mechatronics. In both cases 3D product models are needed as 
a basis which is nowadays a time-consuming reverse 
engineering task. 
Digitization principles like 3D scanning, computer 
tomography and photogrammetry are upcoming technologies 
that are vital for reengineering. The transformation process 
from 3D scan data to a modifiable CAD-model with the aim 
of production is called reverse engineering and thus is a part 
of modern and future reengineering. Challenges lie in 
choosing the right technologies for integration and facilitation 
of existing processes. Development of intelligent 3D post 
processing software aims for automated scan to CAD 
solutions [29]. In case of spare part production and repair 
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upcoming additive manufacturing principles are highly 
promising because they need less post processing of 3D scan 
data input and allow freeform and lightweight integrated 
constructions [30]. 
There is a lack of reverse engineering (RE) reference 
processes and standards that facilitate application in industrial 
environments and accelerated use. Especially for complex 
measurement and reengineering processes – which are 
characteristic in the investment goods industry – scan quality 
(resolution), data formats, software interfaces, and RE tasks 
need clear specification. Additional software tools are needed 
to enable (semi-)automated scan data segmentation, parts 
identification, and product structure generation in order to 
accelerate assembly reengineering [31]. 
Furthermore, the mechanical and electronic domain each 
needs particular solutions. Overhaul or reengineering 
processes of mechanical components are based on knowledge 
of bill of material, product structure and single part condition 
(e.g. wear or deformation) as well as digital 3D assembly 
models. In comparison reengineering processes of electrical 
components (especially printed circuit boards) are based on 
circuit diagrams, layout plans and 3D assembly models as 
well. In both domains process enhancement can be achieved 
through development of intelligent algorithms to analyze 
component geometry and tolerances as well as functional 
relationships between parts. This contains identification of 
parts, assemblies and product structures which means in case 
of electronics pin to pin connections via strip lines [32]. 
3. Maintenance of electronic components and Printed 
Circuit Boards 
Long-living and cost-intensive products with integrated 
electronic components and Printed Circuit Boards (PCBs) 
face special challenges during maintenance processes. Based 
on the lifecycle activities presented in chapter 1 major 
challenges for maintaining electronic components and PCBs 
are identified in the following chapter. Depending on the 
identified challenges three application fields for maintenance 
of PCBs are determined: Functional testing, obsolescence 
management and redesign processes. 
3.1. Challenges in maintenance processes for electronic 
components used in long-living products 
Maintenance processes for long-living and cost-intensive 
products (e.g. trains, airplanes, machine tools) are getting 
more complex due to an increasing integration of electronic 
components. Long term serviceability for electronics cannot 
be guaranteed in many cases, because of shorter lifecycle of 
integrated electronic components compared to long-living 
products. This effect can be increased by ineffective or 
missing strategies for lifecycle maintenance, repair and 
overhaul. Difficult error identification for electronic 
components and numerous hardly predictable breakdown 
possibilities complicate the process of maintaining long-living 
products. Additional challenges for maintenance can be 
missing information about previous MRO phases caused by 
changing service companies or the difficulty to automate the 
required processes. Furthermore specific know-how for 
maintenance processes and the need for regional and local 
interaction are essential.  
One major issue for PCB maintenance processes is the 
missing availability of complete circuit and layout plans. Also 
incomplete or inaccurate bills of material can lead to 
challenges for maintaining PCBs. 
In many cases electronic design and production data can be 
either lost due to quitted manufacturing of electronic circuits 
or unavailable because of restricted access to development 
data. Manufacturers also preserve design and production data 
to keep their specific know-how. These factors hinder users 
and operators of electronic systems to implement maintenance 
and service processes for their products. 
State of the art reconstruction processes for PCBs are 
realized by a substantial amount of manual activities. 
Consequences of such activities can be cost-intensive testing 
scenarios and also lead to error-prone results. 
3.2. Application fields for maintenance of PCBs 
Advanced technologies in life cycle engineering can lead 
to three different application fields in the context of 
maintenance, repair and overhaul of electronic components 
and PCBs (fig. 2). Based on the identified design and 
production data a functional testing for repair processes can 
be initiated. Also obsolescence management and redesign 
processes can be supported for maintenance and overhauling.  
3.2.1. Functional testing 
The complete reconstruction of circuit and layout plans of 
PCBs can be used to support inspection and repair processes 
for long-living products. Based on the achieved design data 
functional testing routines can be designed to identify errors 
and malfunctions during inspection processes. This leads to 
the ability to initiate effective repairing of PCBs. Retesting 
and quality assurance can also be ensured by the previously 
designed functional testing routines before reusing the 
electronic system. 
3.2.2. Obsolescence management  
The operation and use of long-living products can force 
operators and maintenance companies to establish 
obsolescence management for electronic components. Defects 
fig. 2. Application fields for maintenance processes of electronic components 
and PCBs. 
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and breakdowns of single, low-cost electronic parts can be the 
reason for highly cost-intensive repair procedures for the 
whole product. Logistic and technological problems can also 
arise during the stockage and supply of electronic spare parts 
for PCBs. The specific selection of failure-prone electronic 
parts and the estimation of the needed stockage demand are 
difficult procedures in obsolescence management. The topic 
of obsolescence management is described in detail by Lacon 
GmbH and Deutsche Bahn [33]. 
Two different strategies of obsolescence management can 
be identified in this field. The goal of stockage approaches 
aim to ensure extended availability of rare, system relevant 
components. Complex mathematical models provide an 
estimation of stockage costs for component supply compared 
to the economic risk of obsolescence. Substitution approaches 
are considered to replace rare components and at the same 
time ensure the intended functionality by the use of similar 
components. To identify potential spare parts it is essential to 
examine the corresponding electronic circuit or sub system 
and all associated functionalities. The application of this 
procedure does not trigger redesign processes. 
3.2.3. Redesign processes 
The third solution approach addresses overhauling 
processes of electronic circuits by adapting, modifying or 
redesigning the primarily used layout. Therefore, it needs to 
be possible to replace outdated system components by 
renewed developments. The goal is to retain or expand the 
original functionality of the system and included PCB. 
This approach is mainly used, if components or subsystems 
of electronic circuits are unavailable and if any potentially 
appropriate spare parts are obsolete. 
For a comprehensible understanding of the implemented 
functionalities of electronic circuits and to identify necessary 
requirements for the redesign phase it is helpful to reconstruct 
the complete layout and circuit plan of the existing PCB. 
4. State of the Art of PCB Maintenance 
Current maintenance processes are characterized by a high 
manual effort for functional analysis. In this context electrical 
measuring principles are used as well as optical principles. 
State of the art are half automated principles combining both, 
electrical and optical measuring principles which are offered 
by specialized service providers (e.g. company Digitaltest). 
4.1. Current MRO process for PCBs 
The MRO process for component maintenance is based on 
the availability of detailed technical documentation and 
includes activities like  
x incoming visual and electrical inspection,  
x definition of the repair scope, 
x exchange of defect components, 
x final inspection and certification. 
In case the component documentation (design information) 
for maintenance and repair of electronic equipment is not 
available, a process needs to be accomplished to generate 
electronic circuits design data from a working example of a 
PCB. Companies Lufthansa Technik AG and Deutsche Bahn 
AG are joining the publically funded research project INPIKO 
and assist state of the art maintenance process analysis with 
requirements management and evaluation. 
Lufthansa Technik AG is a leading player in the aircraft 
maintenance, repair and overhaul (MRO) market providing 
services from Single Component Maintenance (SCM®) to 
Total Component Support (TCS®) covering component 
overhaul and engineering services as well as warehousing and 
pooling. Lufthansa Technik AG provides Cost-efficient 
MRO-Services, increasing reliability and availability of 
aircrafts and more efficient and upgraded aircrafts and 
components. 
A typical example for over-average electronic maintenance 
effort is a fuel quantity indicator (FQI), which determines fill 
levels of fuel in aircrafts and thus supports the refueling 
process. FQIs are installed at the outside of the fuselage and 
are error-prone due to environmental impact such as: 
x climatic changes, 
x vibrations and 
x deicing procedures. 
Precondition for maintenance processes is the availability 
of schematics since they are vital for inspection, 
troubleshooting and repair. Unfortunately MRO companies do 
not always have access to these schematics e.g. due to 
discontinuation of OEM (Original equipment manufacturer) 
businesses. In case of obsolete components additional layout 
plans are needed for spare part remanufacturing which means 
producing similar components that meet functional 
requirements. A typical maintenance process is shown 
in fig. 3. 
fig. 3. Typical aircraft maintenance process. 
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4.2. Flying probe principle 
Electrical inspection and testing is an essential step to 
ensure correct operation of electronic components and 
systems and hence, to guarantee a certain quality level of 
PCBs which is required for the use in specific applications. 
For industrial serial production, the test process is typically 
performed using ATE (Automated Test Equipment) systems 
whereas the electrical connection between the test system and 
the PCB is realized by a bed-of-nails test fixture. Although a 
bed-of-nails adapter enables a fast test run and therefore a 
high throughput, the investment costs are relatively high while 
the fabrication process of a new fixture or the adjustment of 
an existing fixture, respectively, is very time consuming. 
Because of these reasons, the flying-probe technique 
represents a promising and interesting alternative to the bed-
of-nails test, especially with respect to the analysis of 
prototypes or test devices of low or moderate quantities. In a 
flying-probe system the particular probes for stimulation and 
measurement of electrical signals are mounted on separate, 
electronically controllable motor heads which allow flexible 
positioning in all spatial dimensions. Since a flying-prober is 
not directly linked to one special PCB layout by the hardware 
setup (in contrast to a bed-of-nails fixture) such a system can 
easily be adapted to arbitrary board layouts by software 
programming. In this way the time between board 
development and electrical testing can be kept very short. In 
parallel, flying-probe systems offer the full variety of test 
procedures ranging from simple connection tests (open/short 
detection) over boundary scan and in-circuit test (ICT) to 
complex functional tests of analog and digital circuits. 
4.3. X-ray and AXI systems 
Automated X-Ray systems (AXI) often are used within an 
electronic manufacturing process to detect defects, which can 
be quickly analyzed and fixed. Typical operational fields of 
AXI systems are the qualitative inspection of solder joints, 
check for presence, mismatch and shorts or void measurement 
in various layers. The technical characteristics of AXI systems 
depends on the application-specific inspection task and the 
chosen X-Ray inspection method like 2D or 3D X-Ray 
inspection. For the 3D X-Ray inspection an object resolution 
of approximately 5 μm per pixel can be reached. Combining 
the data rate of the detector hardware and the reconstruction 
procedure 3D X-Ray inspections of PCBs up to 40 cm2/s are 
possible [34]. 
Optical inspection methods work very well for PCBs as 
long as the inspection task is limited to visible elements. 
Today many PCBs are using technologies such as Ball Grid 
Array (BGA) or Chip Scale Package (CSP), where the 
connections respectively conducting paths are not visible. 
This trend is a result of the need for greater numbers of 
interconnections to integrated circuit packages and as a 
general result of increasing complexity. Therefore, it is 
necessary to carry out checks using X-Ray inspection 
methods [35]. The industrial X-Ray inspection method based 
on the combination of the physical principle of X-Ray 
radiographic testing over different angular positions (3D 
inspection respectively 2,5D inspection) and the application 
of a mathematical reconstruction algorithm, is an imaging 
technique used to display material differences (fig. 4). 
Contrary to the 2D X-Ray inspection at the 3D X-Ray 
inspection the radiation attenuation is performed of several 
angular positions, by scanning the test object radially. Due to 
the set angle positions the distance of the radiation path length 
through the device under test is different. Based on the 
radiation attenuations per angular position, a 3-dimensional 
model can be created by using the data of the absorption 
coefficient of each volume element (voxel) of the test object. 
These are displayed in gray values and merged as a 3 
dimensional image. 
 
 
4.4. Design of electronic circuits and devices 
The design of an electronic circuit or device usually bases 
on a specification containing a list of requirements. The 
requirements specify a desired functionality and standard that 
have to be met. For the design process, the specified function 
is devided into subfunctions, which are then connected in a 
suitable way. Each of those subfunctions will finally be 
represented by a subcircuit with electronic components, that 
meet the requirements from the prementioned specification 
plus the requirements, that result from the circuitry itself, e.g. 
a resistor has to be capable to sink a certain dissipation loss, 
it’s value has to meet a certain tolerance or has to have other 
specific properties. The developer has to choose those parts, 
considering all those requirements and connect them to for the 
circuit. The PCB finally contains the interconnects between 
the parts and provides mechanical and electrical properties, 
which also have to meet the specified requirements or the 
requirements, that are given by the circuit itself. This results 
in certain dimensions, placements, lengths and width of the 
signal traces, their impedances, the materials and finally the 
feasibilty considering the current PCB technologies. 
4.5. Copyright violation  
There is a legal grey area of activities regarding analysis of 
third-party products for information retrieval and 
remanufacturing. Generally prohibited are principles aiming 
for know-how acquisition in order to produce similar products 
for marketing (product piracy). In case marketing is not the 
goal these activities may be allowed. This applies for 
maintenance operations of own products through repair or 
spare part exchange. Important is that third-parties do not get 
fig. 4. Principle of 3D CT. 
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economic damage. This means violation of patent law, mask-
work rights, copyright law or competition law have to be 
avoided [36]. 
All inspection or reverse engineering principles for PCBs 
offered by service providers are legal because they are not 
related to value creation with a product. It depends on the goal 
of the product owner. Unfortunately many of those services 
can be abused for illegal activities. In case of product piracy 
cheap principles are used for maximization of financial 
advantages. Chap principles are destructive and characterized 
by high manual efforts. For maintenance purposes of long-
living PCBs destruction is no option, because of their high 
value and the mentioned problem of obsolescence. Obsolete 
PCBs which are last of their kind need either to be repaired or 
to be overhauled. Nondestructive principles are expensive on 
the one hand and deliver detailed information and data that 
makes them ideal tools for process automation. In this case a 
high degree of automation is beneficial for maintenance 
companies for cost reduction. 
5. New advanced technologies 
Based on state of the art technologies and solution 
approaches described in Chapter 3 the following chapter 
presents new advanced technologies in Life Cycle 
Engineering to improve actual available technologies in the 
field of PCB maintenance. The pictured INPIKO process 
chain (fig. 5) aims to realize a new, highly automated and 
non-destructive approach optimized by the combination of 
different technologic approaches.  
5.1. Non-destructive, automated process 
Extending state of the art reconstruction processes for 
electronic components and PCBs new approaches aim for 
non-destructive and automated processes. Especially in the 
maintenance field for long-living products often unique PCBs 
that exist in low quantities need to be examined. One 
objective is to minimize physical impact of electronic testing 
techniques on PCBs supported by optical techniques during 
inspection processes. 
The high amount of manual activities shall be reduced by 
automating major process steps for electrical, optical testing 
and merging of the gathered information. Also improving 
result by providing automated software support for operators 
is targeted. 
5.2. Combination of different technological approaches 
Existing electrical testing techniques using flying probe 
testers are optimized by combining 3D optical inspection 
techniques. Gathered information that can be extracted with 
both approaches can be compared and validated afterwards. 
The two different approaches offer extended testing options 
based on the examination by optical and electrical parameters. 
Also the solution space can be extended for structures and 
results that can only be extracted by one of the two testing 
approaches. Optically examined geometric shapes of 
electronic components can be expanded by electrical 
parameters like the resistance of a resistor for instance. 
By combining 3D scanning and computed tomography 
techniques the provided data sets offer multiple optical 
inspection options. 3D scan data usually only provides surface 
models of PCBs for image processing processes. The existing 
data set can be extended by matching colored images to the 
surface model but no information about structures inside the 
PCB is provided. By combining 3D and CT data sets surface 
models can be extended by interior information of the PCB. 
This is especially important for analysis processes of 
multilayered PCBs. 
5.3. Optical Methods: CT and 3D scanning 
Computed tomography and 3D scanning technologies have 
potential to meet advanced requirements of future PCB 
inspection and digitization processes. 
5.3.1. Industrial Computed Tomography (CT) for PCB 
In order to accommodate the non-visible structure elements 
for the optical detection an industrial X-Ray computed 
tomography of the company Carl Zeiss IMT (Oberkochen, 
Germany) of the type Metrotom 800 at the Fraunhofer 
Institute for Production Systems and Design Technology 
(Berlin) is used (fig. 6).  
The major challenge here is particularly in the application-
optimized parameter determination for PCBs. For this 
purpose, a full factorial set of experiments is performed in 
order to investigate the influencing factors on the image 
quality. As the target values the contrast and the signal to 
fig. 5. INPIKO process chain 
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noise ratio (SNR) will be used. After completion of the 
investigation, a methodology for the optimal parameters and 
thus finding an ideal image quality will be available. 
5.3.2. Optical recording of printed circuit boards 
For the reconstruction of circuit diagrams a high-resolution 
optical image of the respective PCB can be a helpful tool. In 
this context four important requirements need to be fulfilled. 
The generation of high resolution and distortion-free images 
need to be ensured. Additionally the suppression of reflexes 
and shadows in the captured images and an inclusion of the 
third dimension need to be considered. A first approach was 
done by Fraunhofer IPK with a structured light scanner and 
photogrammetry (fig. 7). 
 
For reliable representation of relevant details a spatial 
resolution of 10 μm is required. Since high-resolution 
industrial cameras typically use sensors with 5 MPixel, image 
sections are restricted to app. 24×20 mm. Therefore, it is 
essential that the camera be moved over the PCBs by means 
of a precision XY scanning table, so that the individual 
images recorded can be accurately stitched together. 
Since the authors are dealing with a metrological task, the 
images need to be distortion-free and correctly scaled. This 
implies three decisive measures: First, telecentric optics with 
axis-parallel optical path, second, calibration of the entire 
mechanical and optical system including lens distortion 
correction, and third, compensation of movement inaccuracies 
of the XY scanner, which requires rotation and translation of 
the individual image sections. 
Since all details that are basically distinguishable in top 
view, must also be correctly displayed, shadows are to be 
avoided at all cost. This is done by mirroring homogenous, 
white light parallel to the optical axis of the telecentric lens 
using a beam-splitting prism. To ensure that the PCB’s 
contours, bores and bulges are also clearly depicted with this 
light incidence from above, a background consisting of 
retroreflecting material is used. To suppress reflexes that can 
especially occur at solder joints, linearly polarized light and a 
polarization filter are used in front of the optics.  
A PCB is a three-dimensional object, so that the third 
dimension needs to be included. The extension of structural 
elements in Z direction is important per se; however, there is 
another reason why the third dimension is required. Due to 
their design, telecentrical lenses only have a sharpness depth 
in the range of millimeters. However, it is quite possible that 
some structural elements are a couple of centimeters high. In 
addition to a scan in X and Y directions, a scan in Z direction 
is required as well, so that in the end a correctly scaled sharp 
image over the entire height range can be derived. Therefore, 
for every partial image an image stack of 20 to 50 images 
needs to be recorded in various heights that are exactly known 
to the micrometer. According to the „Shape from Focus“ 
method, the sharp image sections can be identified and 
heights can be measured by using mathematical filter 
functions. 
Thus, the effort required for the task to optically picture a 
PCB, which seems comparatively simple at first glance, must 
not be underestimated. On top of this comes the requirement 
that large data quantities with complex functions need to be 
processed fast. However, it is worth the trouble, since by 
means of a combination with computer-tomographic images 
the optical analysis contributes to the process chain of the 
circuit diagram reconstruction. Within the framework of the 
INPIKO Collaboration such a scanner is currently being 
developed and tested. 
5.4. Electrical testing methods 
For the electrical analysis of the boards under test a 
“MTS500-Condor” flying-probe system from Digitaltest 
GmbH will be deployed. This system allows to test PCBs with 
an edge length up to more than 500 mm. Within the test area 
four independent probes can be positioned to establish the 
connection between the electrical conducting parts of a PCB 
(pins, tracks or vias) and the measurement electronics. Since 
the planar stepper motors, which are used for probe 
fig. 7. 3D scan with photogrammetry (upper image) and 3D point cloud 
(lower image) 
fig. 6. CT scan of industrial PCB with highlighted pins and tracks for 
segmentation process 
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positioning, provide an extremely high accuracy 
(ǻx=ǻy=0.625 μm), even very small electrical parts down to 
a diameter of approximately 100 μm can be contacted by the 
probes. 
In the serial production of electronic devices flying-probe 
systems are commonly used to verify the correct function of 
known components by measuring their electrical parameters. 
Within the scope of the INPIKO project, the range of 
functions of the flying-probe system will be extended by new 
signal processing methods with the goal to test also unknown 
components. It is planned to identify basic component types 
(resistors, capacitors, diodes, etc.) and their characteristic 
parameters by analyzing a complete set of measured 
characteristic curves and comparing these data with a pre-
defined electrical model library. 
Because it's essential to access each electrical net on a PCB 
to acquire the mentioned data set, in this context the probes 
will be equipped with special pin heads which are able to 
penetrate the protecting coating layers by drilling. Since these 
probes only cause small holes within the coating, the impact 
on the PCB is much less in comparison to destructive methods 
where the entire coating layers are removed by different 
physical or chemical processes. 
Finally, the flying-probe software will be revised to enable 
the direct import and access of the data which are previously 
acquired by the optical analysis methods. The advantage of 
merging the electrical and the optical data is to generate a 
netlist which exhibits a significantly less error rate and a 
higher degree of completeness as the standalone use of each 
method could make possible. 
5.5. Computer aided net combination of electronic devices 
A PCB is a mechanical part of an electronic device. 
Generating information out of all parts brings the challenge to 
combine it all together. The goal is to combine all single part 
information to one net list together. A net list is in this case a 
list of vectors with special attributes to track down a path to 
all connected conductors. It also contains information about 
geometry definition and other values describing electrical and 
mechanical properties. 
Using a library in the analysis process helps to add further 
properties to single net elements. These properties will be 
used for verifying the result. The process will be iteration 
through all gathered information of the device finding out if a 
value or connection makes sense. 
Trigonometric functions are performed on all vector data 
describing conductors to find connections and build a net list 
with endpoints to components. All vector lists of single 
objects get attributes added in a predefined way to prepare the 
data to combine all parts together to a net list describing the 
function. Describing the device in an ECAD (Electronic 
Computer Aided Design) format out of different recognition 
methods needs a standardized naming convention. The first 
step is to have a schematic of the device readable for CAM 
Software. 
Combine information to a known ECAD format is 
necessary to reproduce an electronic device. To recognize 
electronic and mechanical parts used for the device 
information of the component geometry and connection pads 
to the PCB can be used to identify the right one. Information 
from the optical analysis gives an indication what is the value 
of the component. The library integrated in the process 
compares each component with known data to get the value 
and the net list verified. The knowledge of function helps to 
display the result readable for electronic developers. 
The INPIKO Collaboration makes it possible to find the 
best solution. Using the latest technologies of all partners 
promises a full reconstruction of electronic devices. 
5.6. Circuit plan and layout modeling 
The challenge of reverse engineering besides having a 
flawless netlist and identifying the parts is fully understanding 
the circuit without having a proper specification. The 
usefulness of a schematic depends on how it is drawn. A good 
schematic should reflect the function of the circuit and should 
make use of signal labels and busses instead of many long 
nets with many crossings. Also, the nets are named in a 
meaningful way. 
Further on, the symbols for the parts should be well 
structured and human readable. E.g. the pins of one data bus 
should be next to each other within the symbol and an 
Operational Amplifier (OpAmp) should use the standard 
symbol of an OpAmp. Hence it is clear, that a fully automated 
schematic generation is not possible, but the interaction with a 
competent human is required. First a library of symbols and 
footprints has to be created by the human user. This can be 
done based on a complete and flawless partlist. It is likely, 
that parts adjacent on the PCB belong to the same subcircuit, 
so the computer generated schematic will still be close to the 
layout. Finally competent human needs to separate the 
subcircuits and structure the schematic. It is doubtful, that the 
methods of optical inspection and in-circuit measurement will 
allow to identify every part. For example, the tolerances of a 
passive component are not a property of one part, but of the 
mass of parts. Also, the dielectric of a capacitor might be hard 
to determine or distinguishing a z-diode from an ordinary 
diode (without destroying the circuit). Thus, it will be 
required to perform a plausibility check on the final schematic 
and maybe correct the partlist. This also requires the 
knowhow of an expert rather than a software algorithm. 
Meanwhile the generation of the layout data is a less 
complex task, since the layout already exists. It is just 
required to digitize it with a sufficient precision. A resolution 
of 1/1000 inch (1 mil) should be acceptable. It should be kept 
in mind, that the layer thickness of the copper and the layer 
stack and material of the board are important properties, 
which are not negligible. Also drill diameters should be 
measured, since they are required to properly place the 
through hole parts on the board. Finally, the signal traces of 
the PCB have to be vectorized providing identical signal and 
part names like in the first attempt of the schematic, which is 
important for a further processing in an EDA (electronic 
design automation) tool. 
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6. Conclusion 
Life Cycle Engineering means to integrate state of the art 
technologies into subsequent life cycle stages and to enable 
information and data flow. The future goal is to eliminate 
effort for data provision and retrieval not only within product 
life cycle but also between OEM, customers and service 
providers. Upcoming technologies as so called smart services 
and IT-Platforms are promising to reach that goal. Prospective 
activities comprise new Product Service Systems that merge 
product design and maintenance, new sustainability models 
that regard all environmental influence factors and LCE-based 
design principles with new ways of engineering assistance. 
However, retrospective activities like MRO and 
reengineering of long-living products face special problems 
that can not completely be solved with information and data 
provision. That is because these kinds of product are 
individuals which means they have a customized 
configuration and signs of wear as well as unpredictable 
defects. Vast failure scenarios cannot completely be simulated 
or detected by condition monitoring systems. Improved 
inspection technologies are necessary to facilitate functional 
testing for determination of product and parts health status 
and geometry. The latter is important for reengineering 
purposes that might be necessary as a strategy for 
obsolescence management or modernization to keep up with 
state of the art. These MRO challenges are related to 
mechanics, electronics and mechatronics. 
The INPIKO Collaboration Group developed a new 
process to support PCB repair and overhaul. Major goal is to 
enhance current error-prone electrical measuring principle 
with optical principles. This aims not only for error-reduction 
but also for process automation and non-destructive testing. 
The INPIKO process incorporates flying probe test systems as 
well as CT and 3D scanning systems in order to create error-
free netlists that are the basis for circuit plan drawing with 
ECAD tools. Acquired 3D geometry will also be used for 
PCB layout design. Intelligent algorithms structure 
recognition and part identification shall enable automated 3D 
data post processing. New MRO services based on the 
advanced technologies of INPIKO are planned. However, 
there is still more research needed to integrate these advanced 
technologies and realize the vision of a completely automated 
MRO factory that is interacting with all phases of product life 
cycles and participants via IT-platforms and services. 
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